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By Frank E. Ron 

Calculations are made to determine  the m i n i m  uranium  investment 
and  corresponding g r o s s  weight and reactor  operating  conditions  for a 
direct-air ,   shteldless,   nuclear-pmered, ram-jet missile. The reactor  
s tud ied   i n   t h i s   ana lys i s  is moderated  by beryllium  oxide and  cooled  by 
air flowing  through smooth reactor  passages.  Studies are mde  for  
reactor  average  effective w a l l  temperatures of 220O0, 2oOo0, and 1800' R. 
The pay load, plus controls and  guidance mechanisms, i s  assumed to be 
10,000 pounds.-The  design  f l ight Mach  number is 2.5 snd  the  a l t i tude is 
50,000 f ee t .  

The m i n i m  uranium investment for. uniform fuel  loading  with no 
allowance f o r  xenon poisoning, burnup, m control  is about  19.pounds  for 
an  average  effective  reactor w a l l  temperature of 2200O R. The invest-  
ment increases to about 23.5 pounds for  an  average  effective wall tem- 
perature of 1800° R.  The corresponding  missileL  gross w e i g h t  i s  about 
48,000 pounds fo r   an  avertige e f fec t ive   reac tor  wall temperature of 2200° R 
and  about 54,000 pounds f o r  an  average  effective  reactor w a l l  temperature 
of 1WO0 R. If the uranium  investment is permitted t o  be  Increased  to 
25 pounds, the   missi le  gross weight  can be reduced t o  28,000 and 39,500 
pound6 f o r  average w a l l  tenperatures of 2 2 0 0 O  and 1800° R, respectively.  
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I f  it should  be  necessary t o  use  s ta inless  steel l iners   with a 
thickness of 0.005 inch  in  the  holes  through  the  beryllium  oxide  to 
contain uranium or to  prevent  erosion by air, the uranium  investment is 

wall temperature.  This  factor is increased t o  5 t o  8 i f  0.01-inch liners 
must be  used. I n  addition,  the use of s t a in l e s s  steel will Limit the 
mimum reactor  temperature  to  about 240O0 R, which is the upper useful  
limit, i n  this   appl icat ion,  of the  best   s ta inless  steel materials.  With 
a s inusoidal   d is t r ibut ion of free-flow ra t io ,   the   e f fec t ive   reac tor  w a l l  
temperature is about ZooOo R fo r   t he  maximum wall  temperature of 2400° R .  * 

i increased by a fac tor  of 3 t o  4.4 depending on the  reactor   effect ive 

F 

3 
INTRODUCTION 

One of the  'greatest   d i f f icul t ies   facing 'nuclear-pouered  f l ight  
arises fromthe  extremely heavy shields required t o  protect   the  crew 
from lethal   reactor"radiat ions;  These large  shield  weights  require 
high-gross-weight  airplanes  and high-power reactors .  'The shield  weight 
can  be  reduced by reducing  the  reactor  diameter. The reactor  diameter 
has a l imit ing lower value, however, determined by t h e   c r i t i c a l i t y  re- 
quirements of the  particular  reactor  composition. The reactor  must also ' 

have means buil t   wi thin it to   r eme   t he   hea t   gene ra t ed .   I f   t he   hea t  

ments, then  the  reector s i z e  is determined  by  heat-transfer  copsidera- 
t ions.  It is desirable,  therefore, t o  keep power requiremnts  down. 

because of the  very  large  airplanes  required  to  carry  the  reactor  shield.  
, S m a l l  power requirements also help  the  nuclear  aspects of the  reactor  
inasmuch as less heat-transfer  surface and fewer coolant  fluid  passages 
'are needed.  Smaller  uranium  investments are then  required  to  achieve 
c r i t i c a l i t y .  

c cannot  be  remved  within  the volunae determined by c r i t i ca l i t y   r equ i r e -  

* It is d i f f i c u l t   t o  keep power requirements low with  shielded  reactors 

It is therefore obvious that a sh ie ld less  nuc->ear-powered a i r c r a f t  
greatly  reduces the"prob1ems of nuclear-powered f l ight   associated  with 
very  large  airplane g r o s s  weights  and  high  parer  requirepents. The d i s -  
advantages of  such  an  aircraft  are  that.._r-e.wte  guidance equipment must 
b e   u s e d t o  f iy the   a i rp l ane  and that the  shieldless   a i rplane would 
probably  be  used  only  6nce a6 a guided missile, wtth  the a t t endan t  loss 
of the  f iss ionable   mater ia l .  The loss of the  f iss ionable  materials 
would have to  be  balanced  against   the  high  unit   cost  of very  large air- 
planes  and  the  difficulty and cos t  of  ground  nraintenance  and handling . 
of a i rcraf t   nuclear  power plants. 

The ram-Jet missile s tudied   in . the   p resent   repor t  i s  one type of 
shieldless   missi le  which has the  advantage of employing the  simplest 
type of propulsion system. No details  concerning  the  launohiug  of  this 
missile  are  considered; however, various schemes might be  used.  Rocket 
boost  t-echniques which are considered  for  chemically  fueled ram-jet 

. 
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z missiles could 
a l t i t ude .  The 
launching  from 

be used t o  bring the missile up t o  flight speed and 
reactor  could  be made c r i t i c a l  on the ground before 
a remote locat ion  or   automtical ly  after the  booster drops 

"l off.  Another-system  night  be  to carry the  ram-jet missile a l o f t   i n  a - 

large Illanned airplane w i t h  the  reactor  inoperative.  The ram-jet  missile 
would then  be  released and acce lera ted   to  flight speed  and a l t i t u d e  by 
rocket  boost,  while  the  reactor would be brought  into  operation after 
the missile l e f t   t h e   a i r p l a n e .  If the crew i n   t h e   c a r r i e r  were shielded 

launching. 
c.r sufficiently,  the  reactor  could  be  brought in to  operation  before 
4 
0 
4 

Reactor  .control problems, although  difficult  because  completely 
automitic  handling is  required, a r e  not so severe as those  for  ordinary 
-,mer reactors  because  the missile reactor  would operate a t  constant 
power and with  re la t ively low burnup. 

A previous  investigation of the  nuclear  ram-jet  missile a s  made i n  
Yefererce 1. I n - t h i s  s t u d y ,  a par t icu lar   reac tor  design with  ceramic 
f u e l  elements  operating a t  a temperature.of 2960° R replaced  the com- 
bustor  section of a n  exis t ing  chenicel ly   fueled ram-jet missile.  The 
study was of a prel imimry nature, and therefore no attempt IJ~S =de t o  
calculate  uranium investment o r  t o   f i n d   t h e  best engine  operating con- 
d i t ions  or airframe  configuration. The purpose of the present  analysis 
is to  determine  the  best  combination of engine  operating  conditiozls and 
basic  airplane  configuration which gives a r e l a t ive ly  low-gross-weight 
nissile consistent  with minimum fissionable  material  requirements. The 
calculations are carried  out for s. f l i g h t  bkch nurrber of 2.5 and a l t i t u d e  
of 50,000 f e e t  f o r  a range of  effective  reactor w a l l  temperatures of 
1300° t o  22W0 R. (Tie ef fec t ive  w a l l  temperature i s  defined as tha t  
uniform  reactor wall temperature which gives  the sane air-temperature 
rise as the  particular  wall-temperature  distribution under consideration.) '  

DESCRIPTION  OF CYCLE 

The nuclear-powered  ram-jet  cycle  under  investigetion is conven- 
t i o n a l   i n  a l l  respects,  except that a nuclear  reactor is used t o  heat 
the  air in place of a chemical fue l .  (See f i g .  1.) !The diffuser  slows 
Sown the free-stream air before the a i r  enters the  passages of t h e   a i r -  
cooled  reactor. The a i r  i s  heated by contact  uith  the  hot  walls of the 
reactor  passages and is discharged  from  the power plant  through a f u l l y  
expanding  exhaust  nozzle t o  provide  thrust. The single engine which 
includes  the  diffuser,   reactor,  and nozzle sect ions  const i tutes   the 
fuselage  to  which wings and the  necessary t a i l   s u r f a c e s  are attached. 
Inasmuch as no crew is  carried,  no sh ie ld  F s  necessary. The reactor  is 
mderated by beryllium  oxide. Subsequent c a c u l a t i o n s  show t h s t   s i d e  
r e f l ec t ion  is umecessary;  therefore, only end r e f l ec t ion  amounting t o  
3 ir-ches of beryllium oxiae at  each end is provided. The a i r  passages 

UNCLASSIFIED 
- 



UNC LASS1 Fl E D 
4 m NACA FU4 E54ED7 

i n   t he   r eac to r  are assumed to be 0.50 inch  in  diameter. The uran:um is  
assumed to   be   he ld  by  soEe su i tab le  method near   the.surface of the  air  
passages.   In- the case where s t a in l e s s  steel is thought t o  be necessary 
to   contain  the f u e l  or  prevent  erosion by air, s t a in l e s s  s teel  tubes of 
0.50-inch  internal dianeter with 0.005- and  0.01-inch  walls are assumed 
t o  l i n e   t h e  air passages. The l e r a t h  and  the nuniber of a i r  passages 
are determined by heat-transfer and  air-flow  requirements. 

" H O D S  

The object  of the  analysis  is t o  determine the combination of engine 
operating  conditions  and  basic  ai_rplane  configuation which gives  the 
m i n i m  uranium  investment f o r  a d i rec t -a i r  nuclear-powered  ram-Jet 
missile designed to  operate at an a l t i t u d e  of 50,000 feet and f l i g h t  
Mach  number of  2.5. The. e f fec t ive   reac tor  w a l l  temperature i s  varied 
from 1800°.Lo 22W0 R. The reac tor - in le t  air Mach  number and ou t l e t  
eir temperatures are varied systematical ly   for  a range of reactor   f ree-  
flow ra t ios   for   each  of the  assigned  values of reac tor   e f fec t ive  w a l l  
teqeratures.  The gross  weight  and the uran im  inves twn t  are found  for 
each  conibination of these  variables  to  determine which combination  gives 
the minimum uranium  investment. The reduct ion  in   gross  w e i g h t  afforded 
by Ferndtting an increase   in  uranium  investment is  also presented. 
Approximate maximum wall temperatures resulting from  sinusoidal and 
uniform  heat-generation  distributions are estimated. 

The calculatSons  can  conveniently be dfvided  into  seven p m t s :  
(I) i n t e r n a l  flow, which gives the   t h rus t  per pound of air  f l o w  per 
secona,  (2)  power-plant  external flow, which gives  the  drag of the  
power plant  (exclusive of wing drag)  per pound of air flow  per  second, 
(3) power-plant  weight  calculation, which gives  the  weight of t he  power 
plant  per pound of air f l o w  per  second, (4) wing and t a i l  aerodynamic 
and w e i g h t  calcul+tiG.ns, (5.) the  over-al l  missile lift-drag and g r o s s  
weight calculation, (6) uranium  investment  calculations,  and (7) cal- 
culations  farmaximum  reactor w a l l  temperature  for various heat  genera- 
t ion   d i s t r ibu t ions .  The aasumptions  and d e t a i l s  of these  calculat ions 
&re presented  in  appendix B. Appendix A contains  the l i s t  of aynbols 
wed  in   the   ca lcu la t ions .  

RESULTS AND DISCUSSION 

The uranium  investnient  and  reactor  gross  weight are found by use 
or' the methods ou t l ined   i n  appendix B f o r  the  following  range of 
var iables  : 

0 
rr) 
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Flight  Mach-puniber . . . . . . . . . . . . . . . . . . . . . . . .  2.5 . 

Reactor  effective w a l l  temperature, 3R . . . . . . . .  1800, 2000, 2200 

Altiwde,  f t  . . . . . . . . . . . . . . . . . . . . . . . . . .  50,OOO 
Pay load and  f ixed equipment w e i g h t ,  l b  . . . . . . . . . . . .  10,300 

The reac tor - in le t  air Mach number, reactor  free-flow ra t io ,  and 
reactor-out le t  a i r  temperature are varied  over ranges to  include  the 
values.which  give-the m i n i m  uranium  investment for  each  assigned 
reac tor   e f fec t ive  w a l l  temperature. 

5 
4 In   general ,   the  uranium  investments are calculated  considering no 4 

stsinless steel l i n e r s   f o r  the air pessages  through  the  reactor. Inas- 
mch as the  apy;Ucation is f o r  an  expendable missile, the  containit-g 
of fission  fragments which the   s ta in less  steel affords  is constdere5 
unnecessary. The uranium i n  some suitable vehicle would be  coated di- 
rec t ly  on the  surface of the  reactor  air  passages. Calculations are 
made, however,  of the  uranium investment i n  the  event  that  it is nec- 
e s sa ry   t o  use s t a in l e s s  steel  tubes to contain  the  f issionable mterials, 
or to   Fro tec t  the beryllium  oxide  moderator  or  uranium-bearing  lining 
from erosion or corrosion by a i r .  

. 
V 

Reactor-outlet air temperature  for minimum uranium  investment. - 
The uranium investment and  gross weight are p l o t t e d   i n  figure 2 as 
futkt ions of all the variables  investigated.  The uranium inves tmnt  
Wu and missile g r o s s  weight Wg are p lo t t ed  winst the  reactor- 
ou t l e t  air temperature T 3  for  ranges of reactor- inlet  air Mach n u b e r  
%,, reactor   f ree-f low  ra t io  a: and reactor  average  wall  temperature. 
Tw. The maximum value  of T3 on each  curve  represents  the  value which 
r e s u l t s   i n  choking a t  the   reac tor   ou t le t .  The curves show a Tg xnich 
gives a minimum uranium  investment f o r  each  confbination of Tw: 1$, and 
a. I n  general,.  the  value of T which gives  the mininium uranium in- 
vestrzent  appears t o  be within do F of the temperature which will re- 
s u l t   i n  choking a t  the   reac tor   ou t le t .  

Reactor-inlet  air Mach n d e r  and free-flow r a t i o   f o r  m i n P m  
uranium investment. - The uranium  investment  and  corresponding missile 
gross  wefght are p lo t ted  as functions  af Mi for   the  values  of T3 
which give minimum uranium investment i n  f igure  3. For the  range  of 
e f fec t ive  wall temperatures  investigated,  the best % is about 0.28. 
The reactor   f ree-f low  ra t ios  which g i v e   t h e   . m i n i m  u ran im inves tmnts  

22Oo0, 2000°, ana l W 0  R,  r-espectively. 
- are 0.36, 0.40, and 0.45 for reactor   effecf ive w a l l  tempratures of 

Effect  of tenrperature on m i n i m  uranium  investment  and gross 
weight. - The m i n i m  uranium investment  and  corresFonding  missile'gross 
weight are p lo t ted  as a function of e f fec t ive   reac tor  w s l l  telzlperature 
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* in   f igure  4(a). This f igu re   p lo t s   t he  lowest v e u e  of  uranium  investment 

s allowance is mde f o r  burnup or poisoning  because of the short   reactor  

calculated  for  each-of the  &ee assigned  effectfve wall temperetures. 
The investment  calculations assume uniform uranium d is t r ibu t ion ,  and no 

life. The f igu re  shows that the  m i n i m  uranium Fnvestmnt  varies  fro= 
19 t o  23.5 pounds f o r  reac tor   e f fec t ive  w a l l  temperatures of 22C0° and 
1800° R, respectively.  The corresponding missile gross weights ere 
47,600 and 54,400 pounds, respectively.  

Effect of-temperature on engine and airplane  var iables .  - The 
reactor-inlet air Mach number, reactor-out le t  eir teEperature, free- 
flow ratio,   core  length,  cpre dianmeter, air flow, heat r e l e a e ,  t.hrust 
minus drag per pound of air flow, thrust per pound of a i r  flow, t h r u s t  
minus drag  per   total  engine weight,  and  over -all a i rp lane  l if t  -drag 
r a t i o  are p lo t ted  as functions of reac tor   e f fec t ive  w a l l  tenperatwe for 
the   condi t ion of minimum uranium investments fn figures 4(b)  t o  4(f). 
These quant i t ies  are tabulated  for  convenience: 

Reactor  effective wall temperature, 9 
Uranium investment (no stainless }, l b  
Uranium investment  (with  0.005-inch-thick  stain- 

Uranium investnent  (with 0 .Ol-inch-thick  stain- 

Missile gross weight, l b  
Reactor-inlet Mach -number 
Reactor-outlet air temperature, ?R 
Reactor  core diazeter, f t  
Reactor  core  length, f t  
Reactor free-flow r a t i o  
Reactor heat release, Btu/sec 
Reactor air f l o w ,  Ib/aec 
Thrust per   ~ound  of air per  second,  Ib/(lb/sec) 
Thrust minus drag perpound of air, lb/(lb/sec) 
Thru'st minus drag per  engine  weight,  lb/lb 
Over-all   airplane lift-drag r a t i o  

~- 

less s t e e l ) ,  1% 

less steel), l b  

1&00 
23.6 
LO 2 

181 

54,400 
o .za 
1590 
7.79 
5.87 
0 .a5 

109, rn 
6oc' 

16.5 
1C .o 
0.144 

5.44 

2000 
20 -8 

E 6  

112 

L4 , 330 
0.28 
1693 
6.39 
5.18 
0.40 

36, 'ice 
42i 

19.9 
11.5 

0.153 
5.23 

2200 
19 .o 
57 

95 

: 7 , m  
0.25 
1770 

4.94 
0.36 

3 4 , m  
4 11 

22.7 
13 .O 
0.150 
5.10 

7.18 

r- 
IC 

x 

Minimum missile e o s s  weight. - Figure 4(a) gives the  riissilp gross 
weight f o r  the condition of minimum uranium inves tmnt .  If the an&nium 
investment is allowed to be  larger   than  this  miniran value, srr;aller 
reactors  are pamissible.   Feducirg  the reacf&r s ize .c?ecreses   the  re- 
quired missile gross weight. The effect on grass  weight  of 5ncrezs:zg 
$he urar , iur  investmznt  above  the m i n i m  value i s  sho;rr_ ir, ffg2r2 5 - . for e f fec t ive   reac tor  ~ a l i  temperatures of 1~000, ZOOCO, end 22.30" F. 
The r 'o l lox iug table   presents   the missild'gr=rss weights for various 
values of ~walliun; investrwnt f o r  the three *lues 3f e f fec t ive  j rhl l  
tenperatures. - 

U N i S S I F I E D  
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Uranium  investment, Missile gross weight, Ib, for  Tw of 
lb 

k 
220O0 R 2O0O0 R 1 W 0 R  

19.0 

20.6- 34,900 44,300 “”” 

””” ””” 47, m 

23.6 

25.0 

30 .O 

54,400 29,100 32,100 

39,500 

26,000 27,500 31,500 

29,000 30,400 

Thu6, if the  uranium  investment  -for an effective  reactor  wall  temperature 
of 220O0 R is allowed to increase from 19 to 25 Founds,  the gross weight 
is reduced  from 4 7 , W  pounds  to 28,000 pounds.  Increasing  the uranim 
investment  to 35 pounds w i l l  reduce  the gross weight only  slightly more 
to 25,000 pounds. In order  to.reduce  the gross weight  for  the  effective 
wall tenqerature  of lEEUo R to 30,000 from 54,400 pounds, the  uranium 
investment  must  be  increased from 23.6 pounds to 35 pounds. 

Effecz of stainiess  steel  tubes on uranium investment. - In the 
event  t‘net  it is necessary to use  stkinless  steel 8 s  h conthining  Zte-PF: 
z.1 lor. the  fissionabie . .katerial, . . . . . . the  uranium  investment mst be  increased 
to hccouut for the absorption cross  section of JGainless  steel.  Tubes 
(fabricated of 310 stainless  steel; Z.D., 0.5 in . ;  and walls, 0.01 or 
0.005 in.) containing  the  fissionable  material a r e  inserted in the noles 
of the  beryllium oxide moderator. m e  u r a n i m  investment  for  these  cases 
is conpared  with  the  case  with no stainless  steel in figure 4(a). The 
figure  indicates that-the addition of 0.005-inch  stainless  steel  liners 
ircreases the uraniun; investment by factors of  4 . 4  and 3.@ for  cfferrtive 
wall temperatures of 1930° and 22OOa R,.respectively.  Likewise, 0.01- 
inch  liners  increese the investllient by factors of 7.7 and 5.0 f o r  the 
same effective WdLl temperatures.- 

Effect of side reflection. - In the  Frevious discussion, no side 
reflection  is assumed .for the  reactor.  The  effect  of  side  reflection , 

on uranium investment-Tor a fixed-size ramjet ldssile is found for tke 
cese where the  reErctor plus reflector dieter, air flaw, and  reactor- 
inlet  Mach  nu&ber (and hence over-kll free-flow  ratio) are held =onstant. 
Under  these  cotx3itions,  adding side reflecting.nssteria1  cuts down the 
reactor  core dianeter, ’tjxt increases the core free-flm- ratio. For the 
same reactor-outlpt a i r  terqeratura,  ,the  core l e w h  is unaffected by 
the additior af s53e ref7eztors under the ststed conditiors. Cs lcuh t ions  
for uranilm investrrent are =de for 6 r a w  cf reflector  thicknesses 

UNCLASSIFIED 
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and the resul tant   investments   plot ted  in   f igure 6. The reactor  plus 
reflector  diameter is 7.4 f e e t ,  the reactor  length is 4.0 feet, and the 
free-f low  ra t io  based on the to t a l   r eac to r   p lus   r e f l ec to r   f ron ta l  area 
is constant a t  0.35. The end ref lector   thickness  is 3 inches  and the 
average  moderator  and reflector  temperature i s  assigned a value of 
2200' R. The figure shows t h a t  uranium  investment  increases with in-  
creasing side ref lector   thickness ,   indicat ing tha t  the increasing free- 
flow r a t i o  which tends  to   increase uranTum investment  overrides  the 
reduction i n  uranium  investment  expected  by the r e f l ec to r  sartngs. 
Reactors  without side ref lect ion,   therefore ,   g ive the minimum invest-  
ment f o r  the ram- j e t  missile application. 

Effect of nonuniform power d is t r ibu t ion .  - For a bare reactor  w i t h -  
ou t   re f lec t ion  and  uniform  uranium  loading, the parer  generated  per  unit 
volume of reactor  follows  closely a sinusoidal  variation with peak power 
production i n  the center of the reactor .  Adding end re f lec tors   g ives   an  
a x i a l  power d is t r ibu t ion  which can  be  approximated  by a cut-off  sine 
wave. For the purposes of the present  study, the axial power d i s t r ibu t ion  
i n  the reactor  core i s  a s s m d   t o  be approximated  by  three-fourths of a 
fu l ;   s ine  ,rave. The w a l l  temperature of the central   tube is  calculated 
'as a function of the  reactor  core length f o r  this case  according  to  the 
methods ou t l ined   i n  appendix B. The resu l tan t  w a l l  temperature  and air 
temperature  variation  are shown by the   so l id   l i nes  of f igure  7 f o r  o,ne 
configuration wfth an  average w a l l  temperature of 2200O R. The  maximum 
w a l l  temperature i s  4100° R f o r  this case. 

If the reactor  free-flow r a t i o  is varied  sinusoidally,  by adjusting 
the passage  distribution;,  from a max im  va lue  of 0.65 at the center of 
the reactor  so that the  average  free-flow  ratio i s  0.35, the m a x i m  
reactor w a l l  temperature  can be reduced. (The air passage diameters a r e  
held constant at 0.5 in.   and  the  distribution of power generated  per  unit 
reactor  volume is  assumed to   be  unaffected by the nonuniform dis t r ibu t ion  
of a i r   passages.)  The high f ree- f low  ra t io   in  the center of the reactor  
introduces more heat-transfer  surface at the  center so tha t  the power 
generated  in this region  can be removed with a lower wall tenperature. 
The wall  temperatures at the outer radii of the reactor  are increased 
inasmuch as   the  f ree-f low  factor  i s  less than 0.35. The net result i s  
that  the reactor  wall temperature is ma.& mre uniform by this  distri- 
bution of free-flow  ratio.  The rmximum w a l l  temperature i s  reduced t o  
2600' R by t h i s  method, which is 4oOo above the average wall temperature 
of 22CQ0 R. For a n  average wall tenperature of 2oOo0 R, the maximum 
w a l l  tenqerature will then be of the  order of 2400° R, assuming con- 
servat ively that the  difference between the  average  and kimum w a l l  
temperatures is  moo R far this lower temperature. A temperature of 
2400' R is  within  the maximum limits of s t a in l e s s  steel f o r  low s t r e s s  
levels ,  so that if it is  necessary  to   use  s ta inless   s teel   as  a material 
to   contain the f i ss ionable  makerial, it is  possible   to   operate  the 
reactor with an  average w a l l  temperature of 2O0O0 R. 
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The effec-t of varying the   f ree- f low  ra t io  on uranium  investment  has 
not  been  calculated, inasmuch as  i t  is beyond the  scope of the  simplified 
reactor  analysis used i n  the  Fresent  report. 

Minimum uranium  investment  and gross weight were calculated for a 
di rec t -a i r ,  nuclear-powered shieldless  ram-jet rjlissile operating at an  
a l t i t u d e  of 50,000 feet and flight Mach nuniber of 2.5. The reactor  was 
moderated  by beryllium  oxide. It was assumed tha t   t he  missile car r ies  
a 10,000-pound load =de up of pay load and  guidance and control  equip- 
ment. The following  information can be  dram from the  analysis :  

1. The minimum uranium  investments and corresponding  missile g r o s s  
weight,  reactor  free-flow  ratio, inlet Mach nuniber, and ou t l e t  air t e m -  
perature  are  given in. the. .followtug table as a function of average 
reactor  w a l l  temperature. 

Average Keac t or - Reactor - Gross Reactor Minimum I .reactor wall ou t l e t  air inlet sir weight, free-flow uranium 

I I 

2200 

1590 .2a .45 54,400. 23.6 1800 
16 80 .2% . a0 44,300 20.6 2000 . 
1770 0.28 . 0.36 47,600 19 

c 

2. For  uniform  distribution of  uranium  and  uniform  free-flow r a t i o  
or' 0.35, the  maximum wall temperature   for  a reactor  Kith an  average  wall 
tempcrature of 220O0 R was abuut 410O0 R .  

3. For a uniform  uranium dis t r ibut ion,   but  a s inusoida l   rad ia l  
var ia t ion  of f ree-f low  ra t io   with a maximum value of 0.65 at the center 
of the rac tor  and an  .average  value of 0.35, the maxim wall temperature 
was approximately Z600° R f o r  an  average  reactor w a l l  temperature or' 
22CQ0 R.  On the  basis of the conservative  assumption  that  the  difference 
between the maximum and the  average w a l l  tempereture was  40O0 R for   the  
lower wall t eqe ra tu res ,   t he  mximum wall teniperatures were apFroxinatem 
ZIOOo a d  2200° R respectively,  for  average  reactor w a l l  temperatures 
of 2WOo and l W o  R, for this   case.  

4 .  If s t a i n l e s s   s t e e l  must be  used to   contain  the  f iss ionable  
material  o r  protect  the  beryllium  oxide  from  erosion by a i r ,  an  average 
reactor  w a l l  tezllperature of 2000' R or less must be used for  the  previ-  
ously given d is t r ibu t ions  of  uranium and free-f low  ra t io .  

UNCLASSIFIED 
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+ 
5. If s t a ' i n l e s s   s t ee l   l i ne r s  with 0.005-inch w a l l s  were used to 

l i n e  the  air   passages i n  the  reactor ,  t'ne uraniun;  investment was in-  
creased by a fac tor  a f . 4 . 4  and 3.0 for   e f fec t ive   reac tor   wal l  tempera- 
tures of lW0 R and 220O0 R ,  respectively.  If the s ta in l e s s  steel 
l i n e r s  w e r e  increased t o  0.01-inch  thickness,  the uranium investment w a s  
increased by a fac to r  of 7.7 and 5.0 above the  case ~ t h  no l i ne r s .  

6. The missile gross weight  could  be  reduced  appreciably by allow- 
ing an inc rease . in  uranium above the mini- value. The following table 
i l lus t ra tes   the   reduct ion  i n  g r o s s  weight which can  be  obtained: 

.. . 

Uranium investment, Missile gross  weight, lb, f o r  
i-0 reac tor   e f fec t ive  w a l l  temperatures of 

180Qo R 22C0° R 2O0O0 R 

19 .o 

29,100 32,lW 54,400 23.6 
20.6 

-""- """ 

26,000 27,500 31,500 30 .O 
28,000 30,400 39,500 25 .o 

34,800 44,300 """ 

47,600 

L 

7. Reactors  -Gitn no s ide   r e f l ec t ion  gave less uraniun  investment 
than  reactors   with  s ide  ref lect ion far the   appl ica t ion   to   the  ram-jet 
d i r ec t - a i r  nuclear-powered missile  studied  herein.  

L e w i s  Flight PropulsFon Laboratory 
National  Advistory  Comittee  for  Aeronautics 

Cleveland, Ohio, lky  24, 1954. 
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APPENDIX A 

The following symbols are found i n  th i s   repor t :  

A frontal or  f l o w  area, f t 2  . .  

CD drag coeff ic ient  
." 

cL lift coeff iC&eRt- 

Cv nozzle  velocity  coefficient 

c specif ic   heat  at constant  pressure, Btu/(lb)(%) 

D drag, 1% 
P . .  

d 

fk 

F 

f 

g 

H 

L 

2 

M 

P 

diameter, ft 

hydraulic diameter, f t  

th rus t ,  lb 

f r i c t i o n   f a c t o r  

accelerat ion due to gravity, ft /sec2 

enthalpy,  Btu/lb - 

lift, lb 

tube or reactor.   core  length,  f t  

Mach nmber 

total pressure,  lb/ftZ 

p s ta t ic   p ressure ,  lb/ft2 

Q heat  generation, Bi;g/sec 

q dynamic pressure, pvZ/~g, m/ftz 



12 

R 

. Iie 

s 

T 

V 

W 

k’ 

x 

Y 

.z 

I ’  

L 

? 
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total   reactor   pmerdivFCed by reactor volume, Btu/sec/f t3  

gas zonstant, ft-lbj/(lb) (%) 

Reynolds m b e r ,  xG/Avw, 

surface  area,  f t z  

total t e q e r a t u r e ,  91 

veloci ty ,   f t /sec 

%-eight , lb 
a i r  fluw, Ib/sec 

Drbitrary  length i n  d i rec t ion  of flow, f t  

a rb i t ra ry’ length  in rad ia l   d i rec t ion ,  ft 

free-flow ratio 

ratio of specif ic   heats  

viscosity, l b / ( I t  1 (sec) 

density , lb / f t3  

SLicscripts: 

0 free stream 

1 di f fuser  exit 

2 reactor  Lute i n l e t  

3 reactor  tuLe ou t l e t  

Y nozzle i d e t  

5 m z z l e  exit or ;e t  

3 a i r  

b boattail or nzzzle section 

-. cencer se-tim 



d 

3 
# 

R 

s 

rn 

w 

-.;s 

v t 

u 
W 

dFffkser or inlet section 

friction 

gross 

j e t  

fixed 

mderator 

rem tar 

reflectur 

s h e l l  

t o t  el 

tubes 

irranium 

h - a x  . 

exposed w i n g  d o n e  

w i n g  plus bok- 

-d:?x plus %- 

13 
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APPENDIX B 

ASSUMPTIONS AND =ODs OF CALCULATION 

A l l  the  assumptions  and  details of calculat ing  the performance of 
t he  ram-jet missile are presented   in   th i s  appendix. The calculations 
a r e  broken up into  the  seven  parts  described i n  the Methods section. 

In t e rna l  Flow 

me in te rna l  flow path  consists of an in le t   d i f fuser ,   reac tor  Pas-  
sage,  and exhaust nozzle. 

In le t   d i f fuser .  - The i n l e t  d i f fuser  fs assumed t o  swallow all the  
.a i r   in   the  f ree-s t ream  tube  enter ing  the engine and decelerate it t o  the 
assumed reactor- inlet  Mach nuniber. The di f fuser   to ta l -pressure   ra t io  
P1/Po used to   ca lcu la te   the   to ta l   p ressure   en te r ing   the   reac tor  pas- 
sages is shown i n  f igure  8 as a function of f l i g h t  Mach number. The 
curve  of  figure 9 coincides  closely with the  experimental  values  given 
for  the  two-step cone diffuser   in   reference  2 .  

Reactor  passage. - A i r  enters   the  reactor   with  total   pressure P2 
and total   temperature  T2 which a r e  assumed t o  be equal t o  P1 and 
TI, respectively  ( the  pressure and temperature of the  air a t   t h e   d i f f u s -  
er e x i t ) .  The reac tor - in le t  Mach  number Mz within  the  tube is  assign- 
ed a range of values of 0.22 to 0.38. The e x i t  air temperature Tg is 
varied  over a range of values up t o  that  corresponding t o  choking for 
each  value of i n l e t  Mach number. The tube  length-diameter  ratio  required 
to a t t a i n   t h e   o u t l e t  air temperature  with  the assumed i n l e t  Mach number 
is found by use of f igure  -9. Figure 9 plots  the  parameter Re-0.2 2/de 
against  T2/Tw for  various  values of T3/TW and represents  the solution 
of tlie equations of hea t   t ransfer   to  air a t  constant w a l l  temperature. 
The r a t i o  of specif ic   heats  is 1.4 a d  the  Prandt l  n-er i s  0.66 f o r  
t h i s  plot. The derivatlon of t he   r e l a t ion  used for   th i s   curve  is given 
i n  reference 3. The value of Reas2 t/G is found  from f igure  9 a t  
the  values of T ~ / T w  and T2/Tv in  question. The value of R e - 0  - 2 
is defined as follows : 

where i s  the assumed hydraulic  diameter (0.04167 ft), is  the 
v iscos i ty  of t he   a i r   eva lua ted   a t   t he   e f f ec t ive  w a l l  teEperature Tw, 

~ S S I  FIED 
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,. I and w/A i s  the air flow i n  pounds per  square  foot  per  secqnd  in  the 
reactor  air passages. The a i r  flow per  unit  air flow area is given by 
the  following  one-diEnsional flow re la t ion :  . 

w 
0 
4 
4 where y 1s a e s m d  to be 1 .e .  The 2 f a ,  of the  tube is then 

and the  reactor   core   length which is  equal t o  the tube  length is  

2 = 2/d ,x  a, 
The to t a l -p re s su re   r a t io  of t he  air flowing  through  the  reactor i s  

found by means of curves   presented  in-f igure 10. The pressure nmiber 

PN, or  - is plot ted  against  T/Tw- for a range of flow Mach nun- 

bers .  The l i n e s  which curve downw8.rd t o  the r i g h t  are l i nes  of constant 
a i r  flow per  unit  area and show the  decrease f n  PN, which i s  proportional 
t o   t he   t o t a l   p re s su re ,  as the  temperature  and Mach rimer of the air 
flowing i n  a tube increase.  The pressure  ra t io ,  P3/P2 across the tube 
is t hen   t he   r a t io  of %,3 to PN,2, where the  value of P is found 
a t  the assigned values of T2/TW an8 M2, and PN,3 is  found by fo l -  
lowing darn the  so l id  l i nes  t o  T3/TW. Assuming that   the   entrance,   exi t ,  
and  end ref lector   pressure  losses   amunt  t o  0 .u3 of the pressure drop, 
the   over-al l   pressure  ra t io  P3/Pz is then  given by 

w-& 

N, 2 

p3 -=1-1.1 I" P;2 ( %) 
Nozzle. - The air-leaeng the  reactor  is at temperature T3 and 

pressure Pg which are a s s u e d  equal, respectively, t o  T4 and P4. 
The value of T3 i a  assigned previously  and  the  value of P3 is 
given by the  following: 

UNCLASSIFIED 
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r o r  i n  term of .nozzle  pressure   ra t io  

pq p3 P3 PI - Po 
“ “ - x - x ”  - 
Fo Po p2 ’Po P2 

- 

where P3/po is found for t h e   f l i g h t  Mach  number f r G m  refere.nce 4 .  

Thrust. - The J e t  thrust per pound of air flow F e r  second f o r  a 
fully expanding  nozzle is given by: 

L 

where Cv, the  nozzle  velocity  coefficient,  i s  assuned t o  be 0.97 and 
j -  is 1.34. The net th rus t  per pound of air flow per second i s  then 

Power-Plant  External Flow 

The air flowing  external t o  the power plant creetes  a drag force 
which must be subtracted from the   ne t   t h rus t   fo rce   t o   ob ta in   t he   r e su l t an t  
th rus t   force  which is avai lable  t o  overcoE  the dr&g -of t h e  w i n g  and 
t a i l .  For -€he purpose of the drag force cclculations , t he  peer plant  
is divided  into  three  sect ions.  They are t h e   i n l e t  cwl, the center 
sect ion which contains   the  reactor ,   and  the,nozzle   or   boat ta i l   sect ion.  
The . in le t   and   boa t ta i l   sec t ions  are assumed t o  be conical  sections,  
xh i le   the  center sect ion i s  assumed t o  be cy l indr ica l .  The t o t a l  ex- 
t e r n a l  power-plant drag i s  composed of pressure dreg on t h e   i n l e t  and 
nozzle  sections  and  friction drag on a l l  three  portions of the pover 
plant .  

The pressure drag for   coniczl   surfaces  is obtained  from  reference 
5 where the generalized  pressure drag coeff ic ient  Cn- is  p lo t ted  as 
a f w x t i o n  of  cone a r e a   r a t i o   ( i n l e t  area t o  l~laxinum &rea> and  cone 
length-to-diameter  ratio. 

The f r i c t i o n  d r & g  is computed assuming tha t   t he .   f r i c t ion   f ac to r  .f 
based on surface area is  0.0025. The f o l l o a n g  re -wt ion   re la tes   the  
f r i c t i o n  drag 
surface area 

coeff ic ient  t o  the  frontal area A, f r i c t i o n   f a c t o r  f ,  and 
s. 
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Both pressure  and  friction  drag  coefficients were computed f o r  
conical surfaces over e range of f l i g h t  Mach numbers, area r a t io s ,  and 

CN length-to-diameter  ratios. The f r i c t i o n  and pressure  drag  coefficients, 
4 both based on the maximum f r o n t a l  mea of the cone, were added  and 0 
-4 plo t ted  as a function of t/d. These  curves  indicated e. m i n i m  t o t a l  

drag (sum of f r i c t i o n  and pressure d r a g )  at some par t icu lar  2/d. 1 The. 
minimum to ta l   d rag   coef f ic ien t  found  from these curves i s  p l o t t e d   i n  
f igure  U as a function OP a r e a   r a t i o   f o r  a flight Mach  nuIllber of 2.5. 
Also shown are the  corresponding va lues  of  length-diameter  ratio. (As 
hn incidental  observetion, it was found that the  cone included  angle 
which gave m i n i m   t o t a l  wag was very  c lose  to  6O independenf of area 
r a t i o  and f l i g h t  Mach number.) The t o t a l   i n l e t   e x t e r n a l  drag coeff ic ient  
is found d i r ec t ly  from f igure  11 at the cone K e e   r a t i o  (assuming zero 
sp i l lage) ,  which i s  found by means of one-dinensional flow re la t ions  
from the f l i g h t  Mach number, the assumed reactor- inlet  air Mach nuiber 
%, and the  reactor  free-flow  ratio a. . .  

The drag  coeff ic ient  CD,% of the   boa t t a i l  i s  also computed as- 
suming that the data of f i g u r e   U a p p l y  to an  expanding as w e l l  as a 
compressing f lm f i e l d .  The basis f o r  this  asslrmption  can be found i n  
reference 6 where it is shown theore t ica l ly  that the pressure drag of 
i n l e t  cowls and boa t t a i l s  is the  sa2I;e. The area r a t i o  used i n  this case 
is  t h e   r a t i o  of nozzle-exit area t o  maximum area. 

The drag of the  cylindrical   center  sect . ion,   whfch.is assumed t o  have 
an 2/d of 2 is due only t o   f r i c t i o n  and i s  computed by the  following: 

The t o t a l   ex t e rna l  drag coeff ic ient  of. t he   en t i r e  power plant  or 
fuselage based on the center   sect ion  f rontal  area Al i s  then  

‘D,T = ‘D,d +- ‘D, c ‘D,b 

The to ta l   fuse lage   d rag   per   un i t  air flow is then 
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neglecting  the  thickness of the center-sect ion  shel l  around the  reactor .  

Ir iformticn on the  interferecce &a@; on a body due T;O the  addition 
cf a x i ra  on the kociy is  n;e&Q;er, especi-Elly dzte kt high Reynolds nurber 
with varying boattail lengths and area ratios. Reference 7 presents an 
expeririental i ~ v e s t i g a t i o n  which.ma.Sured the e f f ec t s  of wing-body in- 
terferer-ce for a small-scale  rectangular ving-boiiy c o d i n a t i o n  v i th  
various  asFect  rstios  en8 flight Fich tx&ers. O n l y  one baettzil con- 
f igura t  Lon was used, however. The addition of the wing ~n the body i n -  
creased  the body drag by sbout 30 t o  40 percent  because of a change frxc 
a lamirrar t o  a turbulent boundary layer oc the boat ta i l   caused by t'ne 
addition of the a . ~ .  Inasmch as the rem-jet configuration of the 
present znalysis word have EL turbulent boundary layer on t he  boattail 
for the  body alone  configuration,  the  large  iocr'ease i n  drag would not 
be expected with the  addition of the wislg. The drzg i n t e r f e r e x e  of the 
w i n g  on the bo- is therefore  neglected  because of the lack of apFlicable 
%ta ;  the datk vhi..?'n do ex i s t   i na i r a t ?  M prc'sLble s-11 effect. 

Power-Flant Weight 

The-power-Flant  weight is coqosed of t'ne reactor  -,.-elgkt cnd the 
shell weiEht, whick i rxludes the  diffuser,   center sec t lcn ,  ind kv- t t a i l .  

Reactor  veighL. - The reactor  core  for  veight  calculaticn consists 
of a beryllium oxide iratrix with 0.52-inch holes containing 0.50-ina.i- 

. inside-diameter  .wanium-bearing  stainless-steel tubes wlth 0.01-incS 
walls. No s ide   re f lec t ion  is provided  for reasons indicaZed  previously. 
Ezd reflectX5n"is  supplied-by beryllium oxide 3 inches  thick at bofh 
ends of the  reactor   with 1/2-inch-diameter flow passages as continuations 
of the reactor  flow passages. The weight of the various  reactor co~po-  
nents per  pound of a i r  f l o w  per second fs then given by the following 
re la t ions  assuPring chat the-dens i ty  of beryllium oxide is 181 Founds 
per  cubic foot and that of statnless s t e l  490 pounds per  cubic foot .  

wxll - = 7.54 (7 1 - a  - 0.09160)(-$)~) (moderator) 
-d x 2  

Wt - = 1.67 (k-e), (tubes) 
W 

U NCLASS\F\ED 
- 



These r e l a t ions  hold only f o r  a tube  internal  dianieter of 0.5 inch and 
wail thickness of 0.01 inch. In   ca lcu la t ing   the  weight of reactors  with- 
ou t   s t a in l e s s  steel, or with tubes of 0.005-inch w a l l  thickness,   the 
iceight of tubes of 0.01-inch  thickness is assumd  for  the  sake of s i m -  

reactor  weight i s  mde .r"or supporting  structure. ' 

w 
0 

4 
4 i - l i c i t y  i n  calculations.  An allowance-of 15 percent of t h e   t o t a l  

- . .. -. . 

She l l  weight. - The s h e l l  weight is calculated assdng that: 

(1) The shell diamser is  equh1 t o  the power-plant center   sect ion 
iiiameter. 

W, 
" 

W - - 90 (G) (end r e f l ec to r s )  

(2)  Tne s h e l l  length is  equal t c  t h e  sum of the lengths  of the d i f -  
fuser, center  section, and boattail.  

(3) The shel l  thickness is 0.1 inch. 

(4 )  The she l l   mater ia l  is s t a in l e s s  steel with a density of 490 
poirnds per  cabic  foot.  

The s h e l l  weight pe r  pound of -air f l w i  per  second,  fro% 
is then given by . 

these  assumptions, 

W i n g  and 'Tki1 Lif t -and  Dr&g 

The l i f t  6nd d rag   o f - the  wing 3rd t a i l  are calculated by the methods 
ouclincd i n  reference 8. .The wing i s  assured t o  ke a 60' fielta wing 
l;.-it% 6 3-perceut  thickness. The t a i l  surfaces are considered bs 3- 
Fercent-thick 50" delta nonl i f t ing  swfaces  having 15 percent .of the 
wing area. Figure  12 gives the m i m m  lift-drag r a t i o  and the  :orre- 
:F.;nciirg optinxa l i f t  coef f ic ien t  and wing loading cis a function of 
I'llght Xacn nu&er. The lift-drag r a t i o  is. plotted  including and  not 
Incl 'lding  the  effect of the nonli.fting t a i l  surfaces.  

Wing and Tail Weight 

The w i n g  weight w a s  coqu ted  by the r-ethod presented i n  reference 
3 l o r  a typical  configuration  with s: g r o s s  weight  of about 45,000 pounds. 
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It was found that the w i n g  would w e i g h  &our; 4 Fellcent of the  gross  
weight,  including a 15-percent  increase t o  allox for t a i l  surfaces. 
The stress i n   t h e  wing, asswLng the  optimum wing loading of 123 Founds 
per square foot. for the f l i g h t  condjticn of the present  report, gave a 
nsximm v ~ l u e  of ebour; 25,500 pouncls F e r  squzre i rch.  The nsrxin;um 
tiilowable stress with a load facltor of 3. i s  therefore s l igh t ly  less than 
#,ooO pounds per sQuii"e"fihch, which is less than the hot - ro l led   t ens i le  
s t rength of 1041 t o  1095 carbon steels. 

h e r  -all Perf ormnce 

The gross weight  of  the  coqlete rm-jet rrissfle  configuration is 
the f O l l O W i F !  : 

. "_ 

fixed equipnient p l u s  payload, lb 
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desired  f l ight  condition  (fig . 12) j and the  h b / b  is found  from f igure  
13. Figure 13 is obtained  from  reference 10 where h b / L W  is  shown t o  
be a function of d/b,   the   ra t io  of body diameter t o  wing span. 

The value of d/b i n  terms of quantities  already  evaluated is  found 
f o r  a 60' delta wing from the  following re la t ion :  , 

d 
6 =  - 

1 "  

A l l  the   quant i t ies  i n  t h i s   r e l a t i o n  have previomly been  determined i n  
calculating power-plant thrust and drag, and =ximuxu w i n g  lift-drag 
r a t i o .  With the  value of d/b found  from  equation (2 the  value 
4jb/L, can  be found from f igure 13. 

The gross  weight is then found by use of equation (1) inasmuch as 
a l l   t h e  unknown quant i t ies  are now determined. 

The power-plant air flow is  given by: 

The reactor  heat release is then: 

Q = - 
where Hg and H2 a re   t he  air enthalpies at Tg and T2, respectively.  

The power-plant o r  reactor  frontal   area:neglecting  the  thickness of 
t he   she l l   sk in  is: 

The power-plant or  reactor diameter is 

! 



22 I NACA RM E54307 

The over-al l  lift-drag r a t i o  of the complete ram-jet missile i n  
terms of quant i t ies  which are knam i s  given  by: 

Uranium Investment 

The calculat ions of the  c r i t i ca l  uranium mass are made by E thods  
presented  in   reference 11 for   cy l ind r i ca l  bare reactors .  The effect of 
Be0 r e f l ec t ion  is evaluated by a two-group procedure f r o m  unpublished 
NACA data. These data are presented in figure 14 by a p lo t  of r e f l ec to r  
savings as a function of ref lector   thickness  and r a t io   o f  void space 
of ref lector   to   void  space of core. This f igu re  is used t o   c a l c u l a t e  
the equivalent  bare core length  and  diameter when r e f l ec to r s  are used. 
Neutron cross-section data f o r   t h e   s t r u c t u r a l  and mderat ing materials 
are obtained  from  reference 12. The slowing-down length of Be0 is 
obtained f r b m  reference 13, and the  uranium cross  sections from refer- 
ence  14. The thermal energy of the  neutrons i s  assumed t o  be t h a t  
corresponding to   the  ass igned  effect ive  constant  w a l l  tenrperature. A l l  
absorption  cross  sections are assumed t o  vary inversely as the neutron 
velocity.  The effect of xenon poisoning,  burnup,  and  control i s  
neglected. 

The c r i t i ca l i t y   equa t ion   fo r  bare reactors considering thermal 
production  only i s  given  by 

-70B 2 
%he 

-t k h B  
2 2 = l  

where 

kth thermal  multiplication  constant 

T~ age of fission  neutrons,  cm2 

B2 buckling  constant, c W 2  

'Eh mean square  thermal diffusion distance, cm2 

The sy-nibols used i n   t h i s   s e c t i o n  of t he   t ex t  are conventional for reactor  
analyses   and  confl ic t   wi th   the  sydols   used  in   the  cycle   and aerodynhmic 
analysis. In   addi t ion,  i t  is conventional  to  use  c.g.s.  units  for 
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and uni t s  used i n  t h i s   s ec t ion  are there- 
fo re   on i t t ed  from the l is t  of synibols i n  appendix A and  defined at the  
point a t  which they  appear. Ths therm1  mult ipl icat ion  constant  i s  
&wen  by: 

2.5 Nua,U 

where 

BeO 
Z A  

. "  

atoms of U235 per un i t  volume of reactor ,  atoms/cm3 

microscopic  fis-sion  cross  section of u ~ ~ ~ ,  cm2 

macro-Gcopic absorption cross sect ion  of ,s taF@ess steel, 
(atoms/cS of reactor)  (cm2) 

mecroscopic  absorption  cross  sectlon  of beryllium oxide 
(atoms/cm3 of reactor ) (c&) 

The mean square  thermal diffusion distance is  given by: . 
xtr 

where 

A t r  reactor   mcroscopic   t ranspart  mean free path, cm 

Subs t i tu t ing   re la t ions  (2) and (3) i n t o  (1) and solving for  Nu r e s u l t  
i n  the  following expression: 

BeO + x  ss B2 X t r  z 
A A +3 

For cr i t ica l i ty ,   the   buckl ing   cons tan t  Bz is given by the  
fo l la r fng  r e l a t ion :  



. 
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di  equivalent bare core  dianreter, ft 

E, equivalent  bare  core  length, f t  

The equivalent bare reactor  diameter % is equal t o  the actual  core 

diameter  d2  plus  the  side  reflector  savings  h '  found from f igure  14 
at the  desired  reflector  thickness.  

The equivalent  bare  core  length Hc is equal t o  the  actual  core  length 
2 plus t he  end r e f l ec to r   s av ings   hvs  which i s  found  from figure 14 
f o r  an end ref lector   thickness  of 3 inches and r a t i o  of ref lector   void 
space  to-reactor  core void space of 1.0. The equivalent bare reactor  
length is  given by 

H, = 2 + h" 
The buckling  constant is then 

The values of Z A ~ ~ ,  Xtr ,  and T ~ ,  as determined for a 
reactor  free-flow  factor  (void  percent) of  0.40, are   tabulated  in   the 
following t a b l e   f a r   t h r e e  assumed reactor mean teqeratures. The values 
of GFu, and aAu obtained  from  reference 14 &e also  included  in   the 

table. The velue of TO is  calculated from the results of reference 13. 
c 
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t Ternratwe. ?R I 

0 .OOO1735 0.0001647 

.00450 .003 %4 .oO366 

2.827 2.427 2.427 

344 344 344 

316.6 290.5 277.0 

361.5 343 .O 326.8 

25 

The values  .for Z 2 Ass, X,,, and y, f o r  any other values of f ree-  
flow ra t io   a re   ob ta ined  by use of the followtng r e l a t ions  

With these  constants and the dimensions of the reactor,  it is pos-  
s i b l e   t o   c a l c u l a t e   t h e  n-er of urenium atoms per  cubic  centimeter of 
reactor  Nu. The uranium weight i n  pounds is then given by 

235 ,Nu 
453.6x6.023xLO 

wu = 23 

where v is the  reactor  volume i n  cubic  centimeters.. 

The value of ZAss given i n  the tsble is f o r  a x511 thickness 
of 0.01 inch. For t wsll thickness of 0.005 icch zAss is one half the  
va-lue shown i n  the table, and for no stainless s t e e l  zA SS is zero. 
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Maximum Reactor Wall Temperature 

In  the  foregoing  analysis the reactor  wall temperature is  assmd 
t o  be constant   for-al l   reactor   heat- t ransfer   surfaces .  The assumptions 
used i n   c a c u l a t i n g  the e f f e c t  of nonuniform w a l l  temperature  distribu- 
tions  caused by various power and local f ree-f low  ra t io .   d is t r ibut ions is 
considered i n   t h i s   s e c t i o n .  For a reactor  with a uniform  uranium  load- 
ing, t h e  power generated  per  unit reactor volume follows closely a sinus- 
o ida l  variation with peak power production in   the   cen ter  of the  reactor.  
Adding r e f l ec to r s  at the ends of t'ne r eac to r   r e su l t s - In  a cut-off  axial 
s inusoidal  power generation. For the purposes of the present  study, the ii 
ax ia l  power dis t r ibut ion  in   the  reactor   core  i s  assumed t o  be approxi- 
mated by three-fourths of a f u l l   s i n e  wave. Varying the free-flow 
fac to r   r ad ia l ly  while maintaining a uniform  uranium  loading is assumed 
t o  have no e f f ec t  on the  power-generation  distribution  for  the  purposes 
of the present  calculations.  Actually, varying the  free-flow  factor 
will give a nonuniform moderator d is t r ibu t ion  which will af fec t  the 
uranium  investment. The various conbinatlons of axial and radial parer 
dis t r ibu t ions  (besed on uni t   reac tor  volune) and free-f low  ra t io  distri- 
bution  considered are listed i n  the following table:  

Ec 

' 

i .  

Uranium dis t r ibu t ion  

Radial power 
d i s t r tbu t ion  

Axial power 
dis t r ibu t ion  

Radial free-f low r a t i o  
d is t r ibu t ion  

~~ 

Uniform  Uniform 

Fu l l   s ine  Full sine  

cut-off , cut-off 
6 ine 

(3/4 of a (3/4 of a 
s ine  

full s i n e   f u l l   s i n e  
curve ) curve ) 

Uniform cut -0If 
(equal to o .35 1 s ine  

(=x- 
equal   to  0.65 

i n   c e n t e r ;  
aver  age equal 

t o  0.35) 

Calculations  are =de t o  determine  the  approximte IIlaximum reactor 
w a l l  temperature  for  each of these cases. The reactor  diameter, length, 
average  free-flow  factor,   end  reflector  thickness,   inlet  air temperature - 
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c and pressure,   in le t  Mach nuiber,  and  average ou t l e t  air temperature  are 
f ixed  for   both cases in   order   that   the   reactors  be interchangeable i n  a 
f ixed airframe. The value o f  these  quant i t ies   used  in   the  actual   cal-  

m culations are list.ed together with' other  quantit ies  of  interest:  

Reactor  diameter, f t  . . . . . . . . . . . . . . . . . . . . . . .  7.39 
Reactor  length, f t  . . . . . . . . . . . . . . . . . . . . . . . .  4.03 

End reflector  thickness,  i n .  8.0 

I n l e t  air Mach  nurtiber . . . . . . . . . . . . . . . . . . . . . .  0.32 
I n l e t  air tempereture, OR . . . . . . . . . . . . . . . . . . . .  882 
Outlet a i r  temperature, OR . . . . . . . . . . . . . . . . . . . .  1654 
A i r  flow, lb/sec . . . . . . . . . .  . . . . . . . . . . . . . .  477 
Effective  constant wall temperature, ;)R . . . . . . . . . . . . .  2200 
Reactor  hydraulic diameter, in .  . . . . . . . . . . . . . . . . .  0.5 

Average free-f low  ra t io  . . . . . . . . . . . . . . . . . . . . .  0.35 

8 
4 Side  reflector  thickness,   in.  . . . . . . . . . . . . . . . . . .  0 

. . . . . . . . . . . . . . . . . . .  
4 

The a i r  flow dis t r ibut ion  across   the  face of the  reactor  is assumed 
t o  be  such that the air flow is divided  evenly among a l l  the  tubes re- 
gardless of the  particular  heat  input  distribution. The air heat- 
t ransfer   coef f ic ien t   for  a l l  three cases is  assumed t o  be constant and 
equal  to  the  average  heat-transfer  coefficient assuming t h a t  a l l  the 
reactor  surfaces are at a temperature of 2200° R. 

Case I 

Uniform uranium d is t r ibu t ion  and  uniform  free-flow  distribution are 
assumed for   case I. The a x i a l  power d is t r ibu t ion  of an unreflected  reactor 
can  be  approximated by a f u l l   s i n e  curve. Inasmuch as the  reactors   in  
the  present study have  end ref lect ion,  it is assumed tha t   t he   ax i a l  power 
d is t r ibu t ion  is represented by three-fourths of a f u l l  s ine  wave.  The 
r ad ia l   d i s t r ibu t ion  is  represented as a f u l l  sine  curve  since no side 
ref lec t ion  is assumed. The w a l l  temperature for   the  center .   tube as 8 
function of the  f ract ion of the  total   reactor   core   length is given  by 
the  following  equati.on: 

- COS - X 
X 

2 Tw = T2  + q '  - +- 
1.849 (w/s)c h P 

The heat-transfer  coefficient i s  assumed t o  be constant and equal   to  
0.02 Btu/(sec) (sq f t )  (q) which is calculated assuming . that  the w a l l  
teniperature is uniform. The mss flow of air  per  unit  flow area is a l so  
assumed to be constant  for  the  purposes of these  calculations.  
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Case I1 
i 

The second  case  considers  uniform uranium dis t r ibut ion  per   uni t  
reactor  Volume; however, the  reactor   f ree-f law  ra t io  i s  var ied   rad ia l ly .  
In   o rder   to  keep the uranium dis t r ibut ion  uniform  in   this   case,   the  
concentration of uranium on the surface of the  tubes must vary  inversely 
with  the  free-flow  factor.  Thus an  increase i n  free-flow f a c t o r   r e s u l t s  
i n  a decrease- in  uranium concentration on the  surface of the  tubes a t  a 
par t icular   reactor   core  radius. The parer produced  per  tube at the 
par t icular   radius  is therefore  reduced  inversely with the  free-flow 
fac tor .  The difference between the wall  temperature  and  the air tem- 
perature is also  reduced  inversely with the  free-flow  factor if the heat- 
t ransfer   coeff ic ient   remins  constant .  The r e s u l t  i s  a reduct ion   in  
wall temperature at the  par t icular   radius  of the  reactor  where the  free- 
flow r a t i o  i s  increased above the  average. I n  the converse manner the 
w a l l  temperature  of  the  tubes a t  a par t icu lar   reac tor   rad ius   wi th  low 
power production.is  increased by a reduction i n  free-flow  factor.  The 
ne t   e f fec t  i s  t o  even out  the radial w a l l  temperature  variation i f  free- 
flow f ac to r  i s  high in   t he   cen te r  and low at  the  outer edge of the 
reactor .  Inasmuch as t he  power d is t r ibu t ion  is sinusoidal,  a sinusoidal 
var ia t ion  of free-flow fac tor  is desirable  t o  f l a t t e n   o u t   t h e  power 
generated i n  each  tube.  Without  going to  excessively  close  spacing of 
reactor  flow passages, a maxim free-flaw r a t i o  of 0.65 is assumed for 
the   center  of the reactor .  From this lnaxim value of 0.65, the free- 
flow r a t i o  i s  varied  sinusoidally to the  outer edge of the reactor  i n  
such E manner as t.0 give an  average free-flow fac to r  of 0.35. The free- 
f low  ra t io  as a function of t h e   l o c a l   t o  maximum reactor  core radius i s  
given by the  fol lowing  re la t ion  for  this case: 

for   the  center   tube of case II the w a l l  temperature 
function of the f r ac t ion  of reactor  length is given 
Tw for   case I with a of 0.35 replaced  by 0.65 

r " 

var ia t ion  as a 
by the  equation of 

De p.924 - COS - A st 
Tw = T2 + q' 2 4(0.65J l.e49(W/S)cp + -  h 

The heat- t ransfer   coeff ic ient  is assumed to be constant  and  equal  to the 
value of case I. The mss flow  per  unit flow area  is a l so  assumed 
cons tan t   for   th i s   case .  
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Effective  reactor wall temperature, T ~ ,  *R 

(a) U r a n i u m  investment and grsss veight. 

Figure 4. - --jet missile apereting conditions f o r  m i n i m u m  
uranium investment  as a function of effective reactor vall 
temperature. No stainless  steel in reactor; flight Mach 
number, 2.5; altitude, 50,000 feet. 
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Effective reactor  wall  temperature, Tw, OR 

(b) Reactor-inlet air Mach number and reactor- 
outlet air temperature. 

Figrrre 4. - Continued. Ram-Jet missile clperating 
conditions fcm minimum uranium investment as a 
function-of effective reactor wall temperature. 
No stainless steel  in reactor; flight Mach nun- 
ber, 2.5; altitude, 50,000 feet. 
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Effective reactor d l  tempereture, Tw, OR 

(c) Reactor core diameter, care lergth, and free- 
f l o w  ratfo. 

Figure 4. - Continue5. Ram-fet missile operating 
mmditions for rninlm-m uranium investment as a 
function of effective reactor vall temperature. 
No stainless steel in reactor;. fUght Mach nm- 
ber, 2.5; altitude, 50,000 feet. 
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(d) Reactor heat release and air flow. 

Ffgure 4. - Continued. "Jet missile operating 
conditions for minimum uranium investment e 6 .  e 
function of effective reactor wall temperature. 
No stainless steel in reactor; flight Mach num- 
ber, 2.5; altitude, 50,000 feet. 
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(e) Thrust per pound  of  air flow and  thrust minus 
drag per pound of air flow. 

Figure 4. - Continued. Ram-jet missile  operating 
conditions  for  minimum  uranium  investment  as a 
functian of effective  reactor wall temperature. 
No stainless steel in reactor;  flight Mach nun- 
ber, 2.5; altitude, 50,ooO feet. - 
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Effective  reactor wall temperature, Tw, OR 

(f) Thrust minus  drag  per  total  engine  weight  and 
over-all lift-drag  ratio. 

Figure 4. - Concluded. Ram-Jet missile  operating 
conditions  for  minimum  uranium  investment as a 
function  of  effective  reactor w a l l  temperature. 
No stainless  steel in reactor;  flight Mach n u -  
ber, 2.5; altitude, 50,000 feet. 
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Pigure g. - Minimum missile gross weight ~8 a funation or uranium investment and reactor cffectlve wall temper- 
ature. No stalnleea steel in reactor; fllght Mach number, 2.51 altltude, 50,000 feet. 
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Figure 11. - Minimum cune pressure plus fricticrn drag coef- 
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Figure 12. - Optimum lift  coefficient, optimull King l a d i n g ,  and maxinun 
lift-to-drag ratio as a function of flight Mach number for a 6CP delta 
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Figure 14. - Reflector  savings f o r  a beryllium  oxide  reflector es a 
function of ref lector   thickness ,   ref lector   f ree-f lou  ra t io ,  and reac- 
tor  free-flou  ratio.   Reactor naoderator, beryllium  oxide. 
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